Via their capacities for proliferation and synthesis of matrix proteins such as collagen, fibroblasts are key effectors in the pathogenesis of fibrotic disorders such as idiopathic pulmonary fibrosis. Prostaglandin E 2 (PGE 2 ) potently inhibits these functions in lung fibroblasts through receptor ligation and production of the second messenger cAMP, but the downstream pathways mediating such actions have not been fully characterized. We sought to investigate the roles of the cAMP effectors protein kinase A (PKA) and exchange protein activated by cAMP-1 (Epac-1) in modulating these two functions in primary human fetal lung IMR-90 fibroblasts. The specific roles of these two effector pathways were examined by treating cells with PKA-specific (6-bnz-cAMP) and Epac-specific (8-pCPT-29-O-MecAMP) agonists, inhibiting PKA with the inhibitor KT 5720, overexpressing the PKA catalytic subunit, and silencing Epac-1 using short hairpin RNA. PGE 2 inhibition of collagen I expression was mediated exclusively by activation of PKA, while inhibition of fibroblast proliferation was mediated exclusively by activation of Epac-1. PGE 2 and Epac-1 inhibited cell proliferation through activation of the small GTPase Rap1, since decreasing Rap1 activity by transfection with Rap1GAP or the dominant-negative Rap1N17 prevented, and transfection with the constitutively active Rap1V12 mimicked, the anti-proliferative effects of PGE 2 . On the other hand, PKA inhibition of collagen was dependent on inhibition of protein kinase C-d. The selective use of PKA and Epac-1 pathways to inhibit distinct aspects of fibroblast activation illustrate the pleiotropic ability of PGE 2 to inhibit diverse fibroblast functions.
During wound healing, fibroblasts actively migrate and proliferate, synthesize and secrete extracellular matrix components such as collagen I, and differentiate into myofibroblasts, providing tensile forces for the contraction of wounds (1) . The coordinated regulation of these diverse fibroblast functions is crucial to the normal resolution of injury. Idiopathic pulmonary fibrosis, a devastating fibroproliferative disease with high mortality and little effective therapy (2) , exemplifies the sequellae of unregulated fibroblast activation (3) .
Prostaglandin (PG) E 2 is a lipid mediator derived from the metabolism of arachidonic acid by cyclooxygenase-1 and -2, and is the major eicosanoid produced by alveolar epithelial cells (4) and lung fibroblasts (5) . PGE 2 is recognized to be an important ''check'' in fibroproliferation (6) , as a local deficiency of PGE 2 has been implicated in the pathogenesis of fibrotic lung disease in humans (5, 7) and animal models (8) . Among the many antifibrotic actions of PGE 2 is its ability to directly inhibit multiple fibroblast functions, including cell proliferation (9) , collagen I synthesis (10, 11) , and myofibroblast differentiation (12) . These actions of PGE 2 are transduced via ligation of the Ga s -coupled E prostanoid (EP) 2 receptor (13, 14) , which is the most abundant of the four EP receptors expressed in fibroblasts and which leads to increases in cAMP production. However, the signaling events downstream from cAMP responsible for inhibiting specific activation parameters such as proliferation and collagen synthesis in lung fibroblasts are not well understood.
Protein kinase A (PKA) is the traditional effector for cAMP, and is responsible for a myriad of cell type-specific effects of this second messenger on cell growth and differentiation (15, 16) . More recently, exchange protein activated by cAMP (Epac) has been identified as a novel cAMP effector (17, 18) and has opened new dimensions in the study of cAMP signaling (19) . Indeed, some of the functions originally attributed to PKA are now recognized to be mediated by Epac. The two isoforms of Epac, Epac-1 and Epac-2, function as guanine nucleotide exchange factors for the small GTPase Rap1 (18) , which has been shown to be involved in cell adhesion (20) and cell junction formation (21, 22) . Signaling through PKA and Epac has been shown to elicit distinct (23) , synergistic (24) , or even antagonistic (25, 26) effects on cellular function.
The roles of the cAMP effectors PKA and Epac-1 in mediating the diverse effects of PGE 2 in lung fibroblasts have never been investigated. Here we report that activation of Epac-1 and Rap1 is responsible for PGE 2 inhibition of proliferation, while activation of PKA is responsible for inhibition of collagen expression. Our findings emphasize the independent regulation of these two critical fibroblast functions and provide novel insights into the cellular pathways used to control them by ligands such as PGE 2 that signal via cAMP.
MATERIALS AND METHODS

Reagents
Dulbecco's modified Eagle's medium (DMEM), penicllin/streptomycin, OptiMEM, Lipofectamine LTX, Lipofectamine Plus, and Geneticin were obtained from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) and the serum-free growth medium SFM4MegaVir were purchased from Hyclone (Logan, UT). PGE 2 was obtained from Cayman Chemical (Ann Arbor, MI). Fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF) were supplied by R&D Systems (Minneapolis, MN) and Cell Signaling (Danvers, MA), respectively. The PKA-specific cAMP analog 6-Bnz-cAMP and Epac-specific cAMP analog 8-pCPT-29-O-Me-cAMP were purchased from Axxora (San Diego, CA). The PKA inhibitor KT 5720 and the protein kinase C (PKC)-d inhibitor rottlerin were obtained from Biomol (Plymouth
CLINICAL RELEVANCE
Our findings show that via divergent signaling pathways, prostaglandin E 2 is able to inhibit distinct fibroblast functions. Understanding these pathways may provide novel therapeutic targets that can be used to limit fibroproliferation.
Meeting, PA). [ 3 H]-thymidine and enhanced chemiluminescence (ECL) reagent were obtained from GE Healthcare (Piscataway, NJ). Antibodies used for immunoblotting and their sources were as follows: collagen I, CedarLane Laboratories (Burlington, ON, Canada); Rap1 and Rap1GAP, Upstate (Temecula, CA); the catalytic subunit of PKA (PKA-Ca), BD Biosciences (San Jose, CA); Epac-1 and Epac-2, Santa Cruz Biotechnology (Santa Cruz, CA); total and phosphorylated ERK1/2 and total and phosphorylated PKC-d, Cell Signaling; a-tubulin, SigmaAldrich (St. Louis, MO).
Cell Culture and Transfection
IMR-90 cells, a primary human fetal lung fibroblast line (ATCC, Manassas, VA), were maintained in DMEM supplemented with 10% FBS and 100 U/ml penicillin/streptomycin. Normal and fibrotic adult lung fibroblasts (derived from lung tissue confirmed as histologically normal or with usual interstitial pneumonia [UIP], respectively) were isolated and grown as previously described (27) . All patients provided informed consent and this study was approved by the University of Michigan Institutional Review Board. All cells were studied between passages 4 and 10. For transfection, cells were plated at 2 3 10 5 cells/ well in 35-mm dishes and transfected using Lipofectamine LTX per manufacturer's protocol. Cells were maintained for at least 8 hours before medium was replaced with DMEM containing 10% FBS. For stable transfection, cells were selected using Geneticin 375 mg/ml for 48 hours and subsequently maintained with this antibiotic at 50 mg/ml. Plasmid for the constitutively active PKA-Ca was a gift from Dr. Michael D. Uhler (University of Michigan). Plasmids for Rap1GAP and RalGDS were a generous gift from Dr. Philip Stork (Oregon Health and Science University). Rap1N17 and Rap1V12 plasmids were a generous gift from Dr. Mark Philips (New York University). siRNA targets for Epac-1 were identified using a target finder algorithm from Ambion (Austin, TX). Sequences were then incorporated into hairpin constructs to make short hairpin (sh)RNA and cloned into a vector plasmid for use in stable transfection. pcDNA 3.1 (Invitrogen) was used as a control plasmid for experiments using Epac-1 shRNA, Rap1GAP, and Rap1N17 constructs; CMV-neo (Invitrogen) was used as a control plasmid for experiments using PKA-Ca constructs.
Cell Proliferation
Proliferation was measured by [ 3 H]-thymidine incorporation as described previously (13) . Cells were incubated in the presence or absence of growth factors -FGF (10 ng/ml), PDGF (10 ng/ml), or SFM4MegaVir -with the simultaneous addition of [ 3 H]-thymidine for 18 h at 378C. Uptake of [ 3 H]-thymidine was measured via b-scintillation counter. Proliferation (dpm) in the presence of PGE 2 or cAMP analogs is expressed as a percent of that determined in the absence of PGE 2 /cAMP analogs. Results from this method have been shown to correlate with direct cell counting in lung fibroblasts (13) .
Collagen Expression
Collagen I expression was measured by immunoblot analysis using collagen I antibody (1:500) as previously described (13) . Densitometric analysis of all bands was normalized to bands reflecting expression of a-tubulin. Each treatment condition is expressed as a percent of untreated control.
Rap1 Pulldown
Active Rap1 was assayed by pulldown of Rap1-GTP as previously described (28) . All cells were treated with experimental agents for 15 minutes at 378C before pulldown of Rap1-GTP with RalGDS coated beads. Pulled down (active) and total Rap1 were measured by immunoblot analysis and quantitated by densitometry.
Immunoblot Analysis
Cells were washed and lysed in lysis buffer (PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM orthovanadate, and protease cocktail inhibitor; Roche). After separation by SDS-PAGE and transfer to nitrocellulose membranes, membranes were blocked in 5% bovine serum albumin in Tris-buffered solution with 0.1% Tween and incubated overnight at 48C with respective primary antibodies (PKA-Ca,1:1,000; Epac-1, 1:500; Rap1, 1:500; Rap1GAP, 1:1,000; ERK1/2, 1:500; phospho-ERK1/2, 1:500; PKC-d, 1:1,000; phospho-PKC-d, 1:500; a-tubulin, 1:1,000). Bound primary antibodies were visualized with appropriate secondary antibody conjugated to horseradish peroxidase and developed with ECL reagent.
Statistical Analysis
Data are presented as mean 6 standard error. Statistical tests (t test or ANOVA where appropriate) were performed using GraphPad Prism 4.0 (GraphPad Prism Software, San Diego, CA). Statistical significance was defined as P , 0.05.
RESULTS
Selective Effects of PKA and Epac Agonists PGE 2 is recognized to be a potent inhibitor of fibroblast function, and we first confirmed the dose-dependent inhibition of fibroblast proliferation ( Figure 1A ) and collagen expression ( Figure 1B ) by PGE 2 in IMR-90 cells. It is notable that PGE 2 inhibited proliferation regardless of whether cells were stimulated with FGF, PDGF, SFM4MegaVir, or serum. Work in our laboratory (13) and others (14) has shown that the inhibitory actions of PGE 2 in lung fibroblasts are a result of increases in cAMP, mediated through the Ga s -coupled EP2 receptor; however, the downstream effectors of such actions are unknown. To determine which cAMP effector-PKA or Epac-is capable of inhibiting collagen expression and proliferation, fibroblasts were treated with varying concentrations of the selective PKA agonist 6-bnz-cAMP or the selective Epac agonist 8-pCPT-29-O-Me-cAMP. The concentration of the cAMP analogs used were shown to have specificity for either PKA or Epac based on previous studies (24), and were not found to be toxic to cells, based on LDH assays (data not shown). The PKA agonist dose-dependently inhibited collagen expression but had no effect on proliferation ( Figure 1C) . Conversely, the Epac agonist elicited a dose-dependent decrease in proliferation but had no effect on collagen expression ( Figure 1D ). Although the figure only depicts data for FGF, this pattern of effects on proliferation by the two agonists was identical for the other mitogenic stimuli (PDGF, SFM4MegaVir, and 10% FBS) studied. These data suggest that collagen expression and proliferation in lung fibroblasts are selectively regulated by PKA and Epac, respectively.
Central Role of PKA in PGE 2 -Dependent Inhibition of Collagen Expression
To further explore the actions of PKA, cells were transfected with a construct encoding the constitutively active PKA-Ca ( Figure  2A , inset). In keeping with the agonist data, cells expressing PKACa exhibited a reduction in collagen expression, but not in proliferation (Figure 2A ). To determine whether PGE 2 -mediated inhibition of collagen expression is dependent on PKA, fibroblasts were pretreated with the PKA inhibitor KT 5720 for 30 minutes before the addition of PGE 2 . Treatment with the PKA inhibitor was able to block the inhibitory effects of PGE 2 on collagen expression ( Figure 2B ) but not proliferation ( Figure 2C ).
Central Role of Epac-1 in PGE 2 -Dependent Inhibition of Fibroblast Proliferation
Our previous work showed that Epac-1 was expressed in lung fibroblasts (13) . By contrast, immunoblotting for Epac-2 revealed that Epac-2 was not expressed in these cells. To determine whether PGE 2 -mediated inhibition of fibroblast proliferation is dependent on Epac-1, we silenced Epac-1 expression by stably transfecting cells with shRNA for Epac-1 ( Figure  3A) . PGE 2 inhibited proliferation in SFM4MegaVir in cells transfected with the pcDNA 3.1 control vector, but not in cells transfected with Epac-1 shRNA ( Figure 3B ). Similar results were seen in cells stimulated with PDGF (10 ng/ml) or FGF (10 ng/ml) (data not shown). There was no difference, however, in PGE 2 inhibition of collagen expression between cells transfected with pcDNA 3.1 or Epac-1 shRNA ( Figure 3C ). When taken together with the effects of the Epac agonist, these data suggest that Epac-1 mediates PGE 2 inhibition of cell proliferation but not collagen expression.
Rap1 as a Target of Epac-1
Rap1 is a GTPase that activates several downstream signals involved in cell growth (29) , and is a commonly described target for Epac (18) . We found that both PGE 2 and the Epac agonist stimulated Rap1 activity, as measured by the RalGDS pulldown of active GTP-loaded Rap1, whereas the PKA agonist actually had an inhibitory effect on Rap1 activity ( Figure 4A ). Furthermore, PGE 2 did not stimulate Rap1 activity in Epac-1-silenced cells ( Figure 4B ), suggesting that PGE 2 activation of Rap1 is dependent on Epac-1. To determine if the activation of Rap1 by PGE 2 /Epac-1 is necessary for their inhibitory effects on proliferation, we transfected cells to express Rap1-GAP, a GTPaseactivating protein that promotes the conversion of active Rap1-GTP to inactive Rap1-GDP (Figure 4C ), or Rap1N17, a dominant-negative form of Rap1. As expected, PGE 2 was unable to activate Rap1 in either Rap1GAP-or Rap1N17-transfected cells ( Figure 4D ). Importantly, neither PGE 2 nor the Epac agonist was able to inhibit SFM4MegaVir-stimulated cell proliferation under either of these conditions ( Figure 4E ), suggesting that Rap1 is critical to the inhibition of proliferation by PGE 2 /Epac-1. Similar patterns were seen with the mitogens PDGF (10 ng/ml) or FGF (10 ng/ml) (data not shown). The inhibitory role of Rap1 was further supported by transfecting cells with Rap1V12, a constitutively active Rap1 construct, which resulted in a 54.2 6 3.8% decrease in cell proliferation compared with cells transfected with a control vector (n 5 3). As many growth factors promote proliferation by activating ERK1/2 (30, 31), and Rap1 has been shown to inhibit ERK1/2 in certain cell types (32, 33), we considered ERK1/2 inhibition as a candidate target for the selective inhibitory effects of PGE 2 /Epac-1. However, assessment of phospho-ERK1/2 revealed that neither PGE 2 , the PKA agonist, nor the Epac agonist was able to inhibit the initial mitogen-stimulated increases in phospho-ERK 1/2 (by either SFM4MegaVir [shown in Figure 4F ] or FGF). At the 30-minute time point, there was less phospho-ERK 1/2 in cells treated with PGE 2 , the PKA agonist, and the Epac agonist compared with SFM4MegaVir alone, but the similar result among all three of these agents argues against this being able to explain the selective antiproliferative effects of PGE 2 and Epac-1. Furthermore, all three agonists were able to stimulate ERK 1/2 activity when given in the absence of any mitogen (data not shown). These findings suggest that PGE 2 , Epac-1, and Rap1 inhibit cell proliferation independent of effects on ERK1/2 activity.
PKC-d as a Target of PKA
PKC-d activation is well recognized to promote fibroblast collagen synthesis (34, 35) , and response elements for PKC-d have been identified on the a2(I) collagen gene (34, 36) . Since PKA and PKC often signal opposing cellular events (37, 38) , and since the collagen I gene does not have a cAMP response element (CRE) for direct PKA targeting, we hypothesized that Cells stimulated with SMF4MegaVir were pre-treated 6 the PKA inhibitor KT 5720 0.1 mM for 30 minutes. PGE 2 (500 nM) was subsequently added and incubated for an additional 18 hours. Collagen expression (n 5 4) was measured as previously described. Representative blot is shown above graph. (C) Cells treated as in B were analyzed for proliferation. Data represent mean and SE of five independent experiments. *P , 0.05 relative to no-treatment control. Figure 5C ). These data, along with the known role of PKC-d in collagen synthesis, suggest that PGE 2 / PKA inhibits collagen through a decrease in PKC-d activity.
Selective Roles of PKA and Epac-1 in Primary Adult Fibroblasts
To extend our findings in IMR-90 cells to adult lung cells, fibroblasts from histologically normal and fibrotic lung (confirmed by pathologists to show a pattern of UIP) were isolated, cultured, and treated with the PKA agonist 6-bnz-cAMP (100 mM) or the Epac agonist 8-pCPT-29-O-Me-cAMP (100 mM). Cells were assayed for collagen I expression and cell proliferation ( Figure 6 ). Consistent with the findings in IMR-90 cells, both normal and UIP fibroblasts exhibited similar patterns of PKA-selective inhibition of collagen expression and Epacselective inhibition of cell proliferation.
DISCUSSION
Fibroblast proliferation and extracellular matrix production are controlled by divergent and sometimes opposing signals (39) . However, PGE 2 potently inhibits both fibroblast proliferation and matrix synthesis through a common second messenger, cAMP (13, 14, 40) . How PGE 2 /cAMP mediates inhibition of multiple fibroblast functions has never been elucidated. Our studies show for the first time that PGE 2 uses distinct cAMP Figure 4 . Rap1 is a critical target of Epac-1 in PGE 2 -mediated inhibition of proliferation. (A) Fibroblasts were treated for 15 minutes with PGE 2 (500 nM), the specific Epac agonist 8-pCPT-29-O-MecAMP, or the specific PKA agonist 6-bnz-cAMP for 15 minutes. Active Rap1 (Rap1-GTP) was assayed by pulldown as described in MATERIALS AND METHODS. Representative blot of four independent experiments is shown. Fold change in activity (measured by densitometry of Rap1-GTP relative to untreated control) for PGE 2 (500 nM), Epac agonist (100 mM), and PKA agonist (100 mM) is expressed graphically (n 5 4). (B) Active Rap1 (Rap1-GTP) was measured in cells stably transfected with control vector (pcDNA 3.1) or Epac-1 shRNA and treated 6 PGE 2 (500 nM) for 15 minutes. Representative blot of four independent experiments is shown. (C) Cells were transfected with Rap1GAP, a GTPase activating protein that inactivates Rap1. Expression of Rap1GAP is shown. (D) Rap1-GTP was assayed in cells transfected with control vector (pcDNA 3.1), Rap1GAP, or the dominant-negative construct Rap1N17 treated for 15 minutes 6 PGE 2 (500 nM). Representative blot of three independent experiments is shown. (E) Cells transfected with control vector (pcDNA 3.1), Rap1GAP, Rap1N17, or Rap1V12 were treated 6 PGE 2 (500 nM) or the Epac agonist 8-pCPT-29-O-Me-cAMP (100 mM) in SFM4MegaVir for 18 hours and proliferation was measured; results are expressed as a percent of no-treatment control. n 5 5 for pcDNA 3.1 and Rap1GAP, n 5 3 for Rap1N17 and Rap1V12. *P , 0.05 relative to no-treatment control; # P , 0.05 relative to untreated control vector. (F) Cells were treated at the indicated time points with the mitogen SFM4Me-gaVir alone or with the addition of PGE 2 (500 nM), the Epac agonist 8-pCPT-29-OMe-cAMP (100 mM), or the PKA agonist 6-bnz-cAMP (100 mM) and assayed for phospho-ERK1/2 by immunoblot. Representative blot is shown with fold increase in phospho-ERK 1/2 (as quantitated by densitometry relative to total ERK 1/2) compared with no treatment shown below each lane. Values represent mean of three independent experiments with SE below.
effectors-PKA and Epac-1-to inhibit collagen expression and cell proliferation, respectively ( Figure 7) . Importantly, these specific modes of regulation were observed in both fetal lung cells as well as primary adult fibroblasts from histologically normal and UIP lung tissue.
For many years, PKA was regarded as the ''classic'' effector responsible for diverse cAMP-mediated functions. These include both pro-and anti-proliferative effects, depending on cell type. In NIH3T3 cells, the antiproliferative effects of cAMP have been attributed to activation of PKA and its effects on Rap1 (33, 41) . The discovery of Epac, however, has opened up a new dimension in studying cAMP-mediated cell signaling (18, 19) . Epac has been best characterized to be important in cell adhesion (20) and cell junction formation (21, 22) , and has been shown to have pro-proliferative effects in endothelial cells (42) , macrophages (43) , thyroid cells (44) , and osteoblasts (45) . Our findings in primary lung fibroblasts, however, show that PGE 2 has anti-proliferative effects through Epac-1, independent of PKA. These findings were independent of the growth factor/ medium conditions used. This novel anti-proliferative role for Epac-1 in primary lung fibroblasts is supported by a recent study that suggests Epac may also be anti-proliferative in bronchial smooth muscle cells (46) . The ability of Epac-1 (and subsequent activation of Rap1) to play divergent roles in mesenchymal cells versus other cell types illustrates how these cells can exhibit dichotomous responses to common signaling pathways.
We further identified Rap1 as the downstream target of Epac-1 responsible for inhibiting proliferation. Interestingly, in other cell types, such as NIH3T3 cells, Rap1 can inhibit proliferation, but is activated by a PKA-dependent pathway that results in activation of a different exchange factor, C3G (33) . It is interesting to note that in our experimental system, PKA actually inhibited Rap1 activation. These differing results might be related to the fact that NIH3T3 cells are immortalized as opposed to the primary lung fibroblasts used in our experiments, but it also illustrates that in addition to cells being able to use divergent signaling pathways, a given pathway (PKA activation in this example) may produce opposite effects on downstream targets depending on cell type. The net effect (i.e., whether Rap1 is activated or inhibited by Epac-1 or PKA, respectively), may depend on the spatiotemporal location of these molecules within a given cell during response to a specific signal.
Rap1 inhibition of cell growth has previously been attributed to the inhibition of b-Raf and ERK 1/2 (32) . A surprising observation, however, was that neither PGE 2 , PKA, nor Epac-1 was able to inhibit the activation of ERK1/2 by growth factors in IMR-90 cells. In fact, by themselves, they were able to activate ERK 1/2. This suggests that inhibition of fibroblast proliferation by PGE 2 , Epac-1, and Rap1 proceeded independent of ERK1/2 participation. ERK1/2 independence in Epac-1/ Rap1 inhibition of proliferation has been described in other experimental systems (47) . We have not identified how Epac-1/ Rap1 inhibits proliferation in our experimental system, but interactions of Epac-1 with microtubules and cytoskeleton have been reported (48, 49) and we speculate that inhibition may occur through direct interaction of Epac-1/Rap1 with such structures responsible for cell division. This may also explain how Epac-1 inhibits proliferation in response to a gamut of growth factors used to stimulate proliferation. Further studies of the downstream targets for both Epac-1/Rap1 are needed.
The collagen I gene does not have a CRE, suggesting an indirect mode of action for PKA in inhibiting collagen expression. PKC-d has been described to be an important activator in collagen synthesis (34, 35) . Given our findings that PKA inhibited PKC-d activity and the precedent for PKA and PKC having opposing roles (37, 38) , we suggest that the mechanism for PKA inhibition of collagen synthesis occurs through downregulation of PKC-d. This is supported by data with inhibitors of PKC-d which down-regulate collagen expression (34, 35) . Whether PKA may target other signaling molecules that downregulate collagen synthesis independent of PKC-d is unknown. We do not know how PKA inhibits PKC-d but speculate that it may be through PKA inhibition of phospholipase C (37), a key enzyme in the activation of PKCd.
Our conclusion regarding the divergent roles of PKA and Epac-1 is based on a variety of experimental approaches, including pharmacologic agonists, genetic overexpression of PKA, pharmacologic inhibitors of PKA, and shRNA against Epac. The doses of pharmacologic agents were chosen based on studies of prior specificity, and LDH assays were performed to rule out cytotoxicity. The fact that different cAMP effectors were able to inhibit one cell function but not the other excludes the possibility that the PGE 2 effects are the result of a single common process, such as apoptosis.
While some studies have identified situations in which PKA and Epac-1 act synergistically (24, 44) , or even exert opposing effects (25) on differentiation and survival, our studies showed these effectors to exert distinct and independent effects on different cell functions in human lung fibroblasts. The potential significance of this finding is found in recent work from our laboratory which has shown that lung fibroblasts from many patients with idiopathic pulmonary fibrosis exhibit resistance to PGE 2 in inhibition of either collagen expression or proliferation, but not both (27) . The data presented here would suggest that the discordance in PGE 2 responses of these two functions could be due to defects specific to either PKA or Epac-1 in individual patients. Understanding the mechanisms by which distinct fibroblast activation phenotypes are controlled may assist our understanding of the pathogenesis of fibrotic lung disease as well as the development of therapeutic agents. PGE 2 is well known to inhibit other fibroblast functions as well, including fibroblast migration (50), myofibroblast differentiation (12) , and contraction. Many of these functions are also regulated through cAMP; however, the role of PKA versus Epac-1 in modulating such functions is unknown and will require further investigation.
In conclusion, PGE 2 inhibition of collagen expression and proliferation are mediated through distinct cAMP effector pathways. PKA activation and the subsequent inhibition of PKC-d lead to inhibition of collagen expression while Epac-1 and subsequent Rap1 activation lead to inhibition of proliferation. The activation of these distinct pathways provides another layer by which PGE 2 can exert diverse effects within a given cell.
